Repeats-in-toxin (RTX) adhesins are present in many Gram-negative bacteria to facilitate biofilm formation. Previously, we reported that the 1.5-MDa RTX adhesin (MpIBP) from the Antarctic bacterium, Marinomonas primoryensis, is tethered to the bacterial cell surface via its N-terminal Region I (RI). Here, we show the detailed structural features of RI. It has an N-terminal periplasmic retention domain (RIN), a central domain (RIM) that can insert into the b-barrel of an outer-membrane pore protein during MpIBP secretion, and three extracellular domains at its C terminus (RIC) that transition the protein into the extender region (RII). RIN has a novel b-sandwich fold with a similar shape to bc-crystallins and tryptophan RNA attenuation proteins. Because RIM undergoes fast and extensive degradation in vitro, its narrow cylindrical shape was rapidly measured by small-angle X-ray scattering before proteolysis could occur. The crystal structure of RIC comprises three tandem b-sandwich domains similar to those in RII, but increasing in their hydrophobicity with proximity to the outer membrane. In addition, the key Ca 2+ ion that rigidifies the linkers between RII domains is not present between the first two of these RIC domains. This more flexible RI linker near the cell surface can act as a 'pivot' to help the 0.6-lm-long MpIBP sweep over larger volumes to find its binding partners. Since the physical features of RI are well conserved in the RTX adhesins of many Gram-negative bacteria, our detailed structural and bioinformatic analyses serve as a model for investigating the surface retention of biofilm-forming bacteria, including human pathogens.
Introduction
Repeats-in-toxin (RTX) adhesins are a class of biofilm-associated proteins (BAPs) that help Gramnegative bacteria form biofilms [1] [2] [3] [4] [5] [6] . Bacteria living within a biofilm are extremely difficult to eradicate as they become impervious to various bactericidal treatments including antibiotics and biocides [7, 8] . As a result, greater than 80% of chronic bacterial infections in humans are caused by biofilms. During biofilm formation, RTX adhesins play a pioneering role in attaching their bacteria to a surface, and subsequently facilitate the development of micro-colonies, leading to the formation of a mature biofilm [1, 2] . RTX adhesins are often encoded by the largest genes within their respective bacteria, and they share a common modular architecture. Starting from the C terminus, a noncleavable signal sequence of the Type I Secretion System (T1SS) is followed by several tandem Ca 2+ -binding nona-peptide repeats (GGxGxDxUx; where x is any residue, while U is typically a large hydrophobic amino acid). Next are one or more ligand-binding domains that tether the bacteria to various surfaces, including other cells. The central region of the adhesin comprises numerous tandem Bacterial Immunoglobulin-like (BIg) domains that are thought to have an extension function. The N-terminal region is typically nonrepetitive and is hypothesized to anchor the large RTX adhesins to the bacterial outer membrane (OM). However, the mechanism for this membrane retention is unclear.
One of the most well-studied RTX adhesins is the 0.8-MDa Large Adhesion Protein A (LapA) of Pseudomonas fluorescens which is required for its biofilm formation [9] [10] [11] . The N-terminal region of LapA is localized in the periplasmic space, while the rest of the protein protrudes from the OM, despite the lack of predicted transmembrane domains. The periplasmic domain of LapA is cleaved under nutrient-depleted conditions to allow detachment of bacteria from biofilms, whereupon they become motile again and capable of searching for, and moving to, a more favorable location. Nevertheless, the molecular basis of the surface-anchoring of LapA is currently unknown, in part, due to a lack of detailed structural information.
One RTX adhesin that has been characterized in molecular detail is the 1.5-MDa MpIBP found on the surface of an Antarctic Gram-negative marine bacterium, Marinomonas primoryensis [12, 13] . MpIBP is a homolog of LapA, and thus serves as model system to characterize membrane anchoring by these adhesins. MpIBP has been divided into five distinct regions (Regions I-V). Over 90% of the adhesin's mass lies within its central Region II (RII), which contains approximately 120 identical tandem copies of a BIg domain [13] [14] [15] . In the presence of millimolar concentrations of Ca 2+ , the BIg domains are extended into a long rod-like structure that is approximately 600 nm in length, thereby projecting the three substrate/ligandbinding domains in RIII and RIV well away from the cell surface. RIV binds ice [16] [17] [18] [19] , whereas RIII contains a sugar-binding domain and a peptide/proteinbinding domain that can attach the bacterium to at least one species of Antarctic diatoms [2] . We have hypothesized that MpIBP simultaneously links its bacterium to ice and diatoms to help form symbiotic biofilms on the underside of sea and lake ice in Antarctica [2] .
Previously, we reported the overall structures of the RI domains solved by NMR spectroscopy (PDB: 5IX9), X-ray crystallography (PDB: 5IRB), and smallangle X-ray scattering (SAXS) [2] . Here, we describe the detailed structural features that enable the RI domains to indirectly span the OM through interacting with the T1SS b-barrel pore protein, and thereby anchor the large adhesin to the cell surface. On the extracellular side of the OM, RI has a flexible linker that allows the stiff adhesin to pivot. Using bioinformatic analyses, we show the structural features of RI are widespread in the RTX adhesins from many Gram-negative bacteria. Our work provides the structural basis for the cell-surface retention of RTX adhesion proteins in the T1SS system primarily designed for secretion.
Results and Discussion
Full-length RI undergoes proteolysis into a 35-kDa product at 4°C
The recombinant RI construct, comprising residues 1-494 of MpIBP (Fig. 1A ) and a C-terminal His-tag, was produced in Escherichia coli and purified by Ni 2+ affinity and size-exclusion chromatographies. RI migrated on SDS/PAGE with an apparent molecular weight of 55 kDa (Fig. 1B, lane 2) . Crystallization trials of RI resulted in the growth of rectangularprismatic crystals (Fig. 1C) . SDS/PAGE analysis of these crystals revealed a band migrating to~35 kDa and no trace of the 55-kDa starting material (Fig. 1D , lane 2). This was suggestive of rapid endogenous proteolysis of RI. Indeed, after an incubation period of 2 days at 4°C, the~55-kDa RI showed several minor cleavage products down to~40 kDa (Fig. 1B,  lane 2) . Bands corresponding to these cleavage products were more prominent after 5 days and were accompanied by smaller proteolytic fragments (Fig. 1B, lane 3) . At 7 days, a single major proteolytic RI fragment of~35 kDa was observed (Fig. 1B, lane  4) , which is consistent with the size of the crystallized proteolytic RI fragment.
The 35-kDa proteolysis product of RI folds as three tandem b-sandwich domains bound with Ca 2+ and Mg 2+ ions
Homology searches of the full RI construct identified three putative domains in tandem at the C-terminal end that were 43%, 57% and 98% identical to the RII repeats of MpIBP [14, 15] , which fold as Ca
2+
-dependent b-sandwiches. However, the remaining amino-acid sequence leading to RI's N terminus showed no homology with known domains. Given the similar size of the stable proteolytic RI fragment and the predicted tandem domain architecture at its C terminus, the MpIBP RII-monomer structure was used as a partial model to solve the trimodular X-ray structure using the molecular replacement method [14] .
The resulting 2-A resolution X-ray crystal structure of the 35-kDa proteolytic RI fragment comprises the Cterminal 309 amino-acid residues of MpIBP RI (i.e., amino-acid residues 186-494; RIC; Fig. 1A ) that form three Ig-like b-sandwich domains, which we have termed Ig1, Ig2, and Ig3, respectively (Fig. 2) . Although no evidence of multimerization was observed in solution, the asymmetric unit of RIC contains two protein chains interacting in a parallel manner via a Ca 2+ ion (not shown). Each chain is a slightly kinked rod with a length of roughly 140 A and a cross-section of 27 A 9 30 A. The tandem Ig-like b-sandwich domains are associated with seven Ca 2+ and two Mg 2+ ions ( Fig. 2A ). Ig1 (residues 186-288) has 43% sequence identity to the RII repeat and is the one that differs the most, whereas Ig2 (residues 289-390) is 57% identical to the RII repeat. Ig3 matches the RII-monomer with the exception of two substituted residues close to the domain's N terminus (Ser instead Glu at residue 392, and Asp instead of Thr at residue 394). Given their high similarity to the RII repeat, it is not surprising that the RIC domains also require the presence of millimolar Ca 2+ for proper folding [15] . The 104-aa RII repeat contains 18 acidic residues and no basic residues. In contrast, RI-Ig1 and RI-Ig2 contain 11 and 10 acidic residues, respectively, and two and four basic residues, respectively. There is also a clear trend toward increasing numbers of large aliphatic and aromatic residues (Ile, Leu, Val, Met, Phe and Trp) running from Ig3 to Ig1. Ig3 contains 21 of these hydrophobic residues, while the number increases slightly to 24 for Ig2 and increases significantly to 33 for Ig1 (Fig. 2B-D) . The increasing divergence of these three Ig-like domains is in stark contrast to the absolute conservation of the following~120 Ig-like domains that make up RII and are even identical at the DNA level.
Despite their differences in amino-acid composition, Ig1 and Ig2 adopt an identical three-dimensional fold to the RII tandem repeat (backbone RMSDs of 0.65 and 0.48 A, respectively). The significant difference in hydrophobicity between the three RI b sandwich domains is suggestive of a change in RIC's environment toward its N terminus, or a change of the protein's binding partners in this region. Tandem Ig-like domains located closer to the bacterial OM are more likely to encounter other surface molecules. The exposed hydrophobic regions of RI_Ig1 and RI_Ig2 could be available to stabilize the MpIBP-anchoring point by interacting with other cellsurface entities such as lipopolysaccharides.
The linker region between RI_Ig2 and RI_Ig3 is rigidified by a bound Ca 2+ ion similar to that previously observed between the RII repeats ( Fig. 2A right and F) [14] . In the latter case, the inter-domain Ca 2+ is required to rigidify the connection between RII repeats in order to project the ice-and sugar-binding domains away from the cell surface. In contrast, no bound Ca 2+ is observed between Ig1 and Ig2 ( Fig The loss of Ca 2+ is predicted to result in increased conformational flexibility between the Ig1 and Ig2 domains. Although K288 could form salt bridges with the two nearby aspartate residues, this interaction would be significantly weakened by the high level of salinity in the brackish environment from where M. primoryensis was isolated. Indeed, the two different conformations of the RIC chains in the crystal mainly originate in the loop between Ig1 and Ig2. When polypeptide backbones of the two RIC chains were aligned at Ig1 (residues: 183-288), the structures began to diverge at the linker regions between Ig1 and Ig2, clearly showing two distinct conformations (Fig. 2G) . However, when polypeptide backbones of the two Ig3s (residues: 391-494) were aligned, the RIC fragment aligned well from Ig2-Ig3, and only began to diverge at the loop linking Ig1 and Ig2 (Fig. 2H) . These observations demonstrated that the loss of Ca 2+ coordination increases the flexibility between the Ig1 and Ig2 of MpIBP_RI, which are located near the bacterial OM. Therefore, this flexible linker may act as a pivot to allow the rigid RII arm to move more freely around the cell surface, thereby enabling the ice-binding RIV at the C-terminal tip to sweep over a larger region to contact its main substrate, the ice surface.
The N-terminal 20 kDa of RI (residues 1-187) also undergoes rapid proteolysis
To derive the structural features near the N terminus of RI, a construct spanning the N-terminal 187-aa amino-acid residues of MpIBP_RI (i.e., the region missing from the previously crystallized section of RI; Fig. 1A ) was produced in E. coli. This construct spanned the N-terminal and middle regions of RI (RINM) and was purified in the same manner as the full-length RI construct (Fig. 3A) . The~18-kDa RINM migrated on SDS/PAGE as the major protein band with an apparent molecular weight of 34 kDa, almost twice that of its calculated mass. Anomalies in SDS binding can largely account for these mobility differences [20] . Similar to the fulllength RI construct, the RINM construct also underwent proteolysis at room temperature over a 3-week period. What remained was a stable fragment with an apparent molecular weight of 8 kDa (Fig. 3B lanes 2 and 3) . Edman degradation identified the N-terminal six amino-acid residues of this fragment as A-T-L-G-N-A (Fig. 1A , boxed residues), which demonstrated that the residual protein represents the N-terminal domain of RI, referred to here as RIN.
The solution structure of RIN (residues 12-87)
Given the small size of the RINM proteolysis fragment, NMR structural analysis was pursued on a construct comprising amino-acid residues 12-87 (RINM 12-87). A 13 C/ 15 N-labeled RIN sample was produced and purified to homogeneity by anion-exchange chromatography (Fig. 3B) (Fig. 3D) . With the exception of 36V, the core residues (14-82) of RINM 12-87 showed little deviation from the calculated average NOE, suggesting the structure was well ordered. The two N-terminal and five C-terminal residues of RIN 12-87 showed significantly reduced NOE, indicating their increased mobility and flexibility due to being near the termini. Indeed, the backbone superposition of the 20-lowest-energy structural models showed excellent convergence in the core of RIN [2] . Superposition of all 20 structures (backbone atoms) within the ensemble to the lowest energy ensemble member produced a pairwise root-mean-square deviation (RMSD) of 0.33 AE 0.06
A. The 76-aa residual RIN protein had an overall bsandwich fold with two b-sheets packed against each other to form a compact hydrophobic core with an overall triangular-shaped cross-section (Fig. 4E) . The first b-sheet is composed of strands b1, b4, b6, and b7, while b2, b3, b5, and b8 make up the second b-sheet. The RIN b-sandwich is roughly 29 A in length, with a width and a breadth about 22 A each [2] . A point mutation was noted at residue 31 (31D-N). This residue is pointing outward on the short loop connecting b2 and b3 and is, therefore, unlikely to have an impact on the overall fold of RIN.
The RIN fold resembles structures from the bc-crystallin superfamily and trp RNA attenuation proteins
The RIN 12-87 structure was submitted to the DALI server to identify similar folds. The top 84 structural homologs had Z-scores of 4-4.9 over 51-59 residues and sequence identities of 5-17% and belonged to the bc-crystallin superfamily or to Trp RNA attenuation proteins (TRAPs). Despite sharing a similar b-sandwich fold with a triangular cross-section, the topology of the RIN b-strands is inherently different from those of the bc-crystallin proteins. All bc-crystallin folds are composed of two consecutive Greek-key motifs that each shares its third strand (b3 and b7) with the opposite motif (Fig. 4A,B) . In addition, the first and second b-strands from each motif form highly ordered hairpin loops [21, 22] . These hallmarks of bc-crystallins are not present in RIN. In contrast, RIN shares the same b-strand topology as TRAPs, though the former comprises eight b-strands compared with seven for the latter (Fig. 4C-F) .
Unusual structural features of RIN RIN (12-87) contains 27 amino-acid residues with large hydrophobic side chains (Leu, Ile, Met, Val, Tyr and Phe), most of which are located in the core of the domain (Fig. 5A,B) . But notably, nine of these hydrophobic residues are surface exposed giving rise to several distinct hydrophobic patches on the surface of RIN. For example, the outwardprojecting F17, F44, P42, V62 and A14 form a protruding hydrophobic patch near the protein's N terminus (Fig. 5C,D) .
Despite the presence of Ca 2+ and Mg 2+ in solution, these divalent cations had no obvious impact on the fold of RIN [2] . This is in sharp contrast to all other MpIBP domains beyond RIM, which require the presence of millimolar Ca 2+ for folding [2, 14, 15, 17] . Furthermore, contrary to a conventional protein fold, several polar residues have their side chains pointing toward the interior of the protein. For example, R35, D41 E47 and E29 use their inward-pointing side chains to form an extensive hydrogen bond network that acts as a capping motif near the bottom of the protein (Fig. 5D) . Intriguingly, these inward-pointing polar residues are well conserved among the RTX adhesins/ BAPs of Gram-negative bacteria as described in detail below. RIN is rotated 180°around a horizontal axis from (A) and (B) to show the face that is stabilized by a cluster of inward-pointing polar residues. Several residues (two Phe, one Pro, one Val, and one Ala) are outward-pointing to form a hydrophobic patch as indicated by the arrows. The color scheme of (B) and (D) are the same as that used in Fig. 4 .
Bioinformatic analyses indicate RIN is a periplasmic domain conserved in many BAPs found in Gram-negative bacteria
The cell-surface retention of BAPs is needed for many Gram-negative bacteria to form biofilms, but a lack of detailed structural information about the adhesins' membrane anchoring points has impeded a comprehensive understanding of this key mechanism. For example, biofilm formation by P. fluorescens is regulated by the retention and proteolytic release of its 0.8-MDa BAP, LapA. In high nutrient environments (indicated by high inorganic phosphate levels), LapA is retained at the bacterial cell surface to aid in biofilm formation. However, it is known that low inorganic phosphate levels trigger the protease LapG to cleave off the N-terminal domain of LapA in the periplasmic space, thereby freeing this large adhesin from the cell surface. The release of LapA results in the dispersal of P. fluorescens from biofilms back to the free-swimming, planktonic life style. To date, no three-dimensional structures have been published for any domains of LapA [9] [10] [11] .
An amino-acid sequence alignment between RINM and the 210-aa N-terminal residues of LapA shows the two regions share approximately 30% identity (Fig. 6A) . Residues 15-121 of RINM and 12-117 of LapA are well aligned (36% identity). This region spans the b-sandwich core of RIN, followed by a conserved putative a-helix (Fig. 6A, red text underlined) , and the LapG cleavage site of LapA. Although it is not known if inorganic phosphate is needed for M. primoryensis biofilm retention, a putative LapG cleavage site is also found in MpIBP (Fig. 6A, arrowhead) . The Thr residue at the first position of the 'TAAG' site in LapA is substituted by a Pro in MpIBP. Sequence alignment beyond G121 of RINM showed much higher variation between the two proteins, with gaps and fewer conserved residues. The unusual feature of inward-pointing polar residues of MpIBP_RIN is conserved in LapA, suggesting its importance in stabilizing the fold. We then used the Phyre2 server for structural modeling of the LapA N-terminal residues using RIN (12-87) as the template structure. The resulting three-dimensional model has an identical fold to RIN with an exceptionally high confidence score of 99% (Fig. 6B,C) . LapG cleaves LapA in the periplasmic space; therefore, residues preceding the proteolytic site (residues 1-116) are localized in the periplasm. As RIN precedes the putative LapG cleavage site in MpIBP, it is also likely to be localized to the periplasmic space.
Protein Psi-BLAST identified over 300 distant homologs of RINM from the N-terminal domains of putative RTX adhesins found in many different Gramnegative bacteria. A Weblogo plot was used to show conserved features of RINM among 10 homologs from bacteria including plant and human pathogens, such as Pectobacterium atrosepticum, Vibrio cholerae, and P. fluorescens [23] (Fig. 6D ; Table 1 ). Despite aligning to RINM with relatively low sequence identities of 20.7-30%, the secondary structural elements within the RIN b-sandwich core are well conserved in all 10 sequences [24] . The capping motif of inward-pointing polar residues (positions 36, 42, and 48 of the Weblogo) that is present in MpIBP and LapA is also conserved (Fig. 6D) . Indeed, structural models of these sequences all have an identical fold to RIN and produced confidence scores of > 97% (Table 1 ). This observation suggests that the RIN fold is widespread among RTX adhesins of Gram-negative species. Beyond RIN, more variation was found in what would be classed as RIM in MpIBP (gaps in the alignment are indicated by blank space in the Weblogo plot), and the sequences are predominantly predicated as random coil [24] . However, an a-helical element (xxIQxAIAA; where x can be any residues) with a short coil (GxDPT) followed soon after by the putative LapG cleavage site (uAAG from position 139-142; where u is either a threonine or proline) is exceptionally well aligned (Fig. 6D) . This is consistent with reports that periplasmic proteolysis could be a general mechanism for bacteria to break free from biofilms in nutrientdepleted conditions [9] [10] [11] . Table 1 ) from Gram-negative species such as Shewanella oneidensis (GenBank Identifier: WP_011073976), Pseudomonas fluorescens (GenBank Identifier: ABA71877) and Vibrio cholerae (GenBank Identifier: ZP_04408076.1). Conserved secondary structural elements are indicated by red horizontal arrows (b-strands) or a red corkscrew (a-helix). The putative LapG cleavage site is indicated by a red arrowhead. Consensus sequences are shown in large, tall letters, while gaps in the alignment are indicated by blank space.
Mechanism of cell-surface retention by the RI domains
As described above, extensive proteolysis occurred in the region of RIM (ca. 90-180 aa) in both the fulllength RI and RINM constructs. Therefore, it was not possible to solve the structure of RIM by NMR or Xray crystallography because of the long time-frame of these experiments. Nevertheless, structural information on RIM was crucial for understanding how the RI domains anchor the giant adhesin in the bacterial membrane. The low-resolution solution structure of RI was measured rapidly with SAXS before proteolysis occurred. We have previously shown that the SAXS envelope of RIM is a narrow cylinder in solution with a diameter of approximately 18 A and a length of 40 A [2] , which matches the thickness of the OM of Gram-negative bacteria. Given that RIN resides in the periplasmic space while RIC is extracellular, we proposed that RIM spans the OM. RIM has a high content of charged residues and is not predicted to be a transmembrane domain. It is likely that RIM interacts with an outer-membrane-anchoring component such as a pore protein.
MpIBP is transported to the bacterial surface by T1SS, which is composed of three machinery proteins [25] [26] [27] [28] [29] [30] . The membrane fusion protein and an ATPbinding cassette (ABC) transporter form a stable inner-membrane (IM) translocase complex that makes the initial contact with a T1SS substrate. This subsequently triggers the recruitment of the T1SS outermembrane protein (OMP), TolC. The three proteins form a contiguous channel across the cell envelope to directly translocate the substrate from the cytosol to the extracellular milieu (Fig. 7A-D) [31, 32] . MpIBP needs to pass through the constriction point of T1SS, which is the outer-membrane b-barrel pore of TolC with an internal diameter of~20
A [26, 27] (Fig. 7E ). While MpIBP domains on the C-terminal side of RIM are threaded through TolC in their unfolded states due to the lack of Ca 2+ , RIM fits snugly into the interior of the b-barrel (Fig. 7C,D) , which is also composed of predominantly polar residues (Fig. 7E) . In contrast, steric hindrance prevents the passage of RIN, which folds in the absence of Ca 2+ and, with dimensions of 30 A 9 29 A, is too large to pass through the b-barrel pore (Fig. 7E,F) . Secondary structure analysis suggests that the first 11 residues of RIN (MSDNQFPFATL, Fig. 7F ; not observed in the HSQC spectrum) fold as a random coil [24] . Given that both termini of RIN point toward RIM near the OM [2] , it is possible that the two N-terminal phenylalanine residues directly interact with the membrane. Interestingly, the hydrophobic patch comprised outward-pointing phenylalanine and proline residues of RIN is near the protein's N terminus, and thus could also play a role in stabilizing the anchoring. After MpIBP passes the IM translocase and plugs TolC with RINM, the T1SS channel will disassemble (Fig. 7D ). This will make the putative LapG cleavage site in the periplasmic space more accessible for the proteolytic processing as seen with LapA.
It should be noted that RIN-like domains and the putative LapG cleavage site are absent from several known surface-associated RTX adhesins that transit via T1SS [4, 33] . This suggests that these adhesins are regulated by a different release/biofilm-dispersal mechanism. For example, the RTX adhesin SiiE is loosely associated with the cell surface of Salmonella enterica; however, the type of proteolytic processing that occurs in LapA was not observed in SiiE, and its release mechanism is currently unknown [33] [34] [35] . It is predicted that a N-terminal coiled-coil domain anchors SiiE by interacting with a T1SS subunit [31] . Although SiiE has no obvious homology to RINM (sequence identity: 20.8%; Phyre2 confidence score: 6.4%), this interaction with the T1SS protein would also result in the plugging of the secretion channel in a similarly manner as that of RINM. In Gram-negative bacteria, T1SS is not only an important pathway for protein export, but also is a crucial defense mechanism by helping bacteria expel bactericidal small molecules [28] . It seems counterintuitive that RTX adhesins would hijack T1SS channels for their cell-surface presentation. Nevertheless, biofilms are often the preferred life mode of many bacteria, and the selective benefit offered by having RTX adhesins on the cell surface could compensate for the loss of a few functional T1SS. On the other hand, given that only a small number of TolC are blocked, the remaining T1SS IM translocase complexes may still function with additional copies of TolC. 
Conclusions and outlook
In conclusion, our detailed structural analyses of the MpIBP_RI domains reveal a simple yet elegant mechanism for the surface retention of the 1.5-MDa MpIBP. This proposed mechanism could be widely used by other T1SS BAPs found in many different Gram-negative bacteria, including those of human and animal pathogens. While most parts of BAPs require Ca 2+ to fold, their N-terminal domains (RINM in the case of MpIBP) fold independently of the divalent ions and acts as a 'stopper' during the secretion, to hold the large protein in the OM of the bacteria. In our model, MpIBP_RIM interacts with the OMP of T1SS, and it is likely cleaved under nutrient-depleted conditions to help free bacteria from biofilms when that location becomes unfavorable. The molecular characterization of extremely large and repetitive RTX adhesins is challenging, and many of its key members remain to be studied. Taken together with our characterization on MpIBP_RIN, future structural studies of SiiE and other RTX adhesins will help answer key questions about the regulation of their surface retention to help bacteria form biofilms, and their release that triggers bacterial dispersal from the biofilms.
Materials and methods

Expression, purification, and proteolysis of the RI constructs
Genes encoding the RI and RINM proteins were ligated between the NdeI/XhoI sites of the pET24a vector, placing a C-terminal 6X His-tag on each protein. Expression and purification procedures were followed as previously described [2, 14, 17] . After its production in BL21 cells, the RI protein was purified with one round of Ni 2+ -NTA affinity chromatography followed by one round of sizeexclusion chromatography in the presence of 5 mM CaCl 2 .
The full-length RI protein was used in crystallization trials, where it degraded into RIC and crystallized in~2 weeks. Sample crystals were harvested, washed with the mother liquor, and analyzed by SDS/PAGE. To prevent the rapid degradation of full-length RI before SAXS measurements, the purified protein was flash-frozen in liquid nitrogen and subsequently stored in a freezer at À80°C until the day of the experiment. The protein remained frozen on dry ice during transportation to the European Synchrotron Radiation Facility (Grenoble, France), where SAXS data were rapidly acquired (for each sample, 10 frames of 0.1 s were collected). Detailed procedures were reported in previous protocols [2, 36, 37] .
Purification of RINM followed the same protocols used for RI. Purified RINM was degraded into RIN in approximately 15 days at room temperature using endogenous proteolysis. One round of anion-exchange chromatography was used to purify RIN from degradation products. The structure of RIN was determined by NMR following the previously published protocol [2, 38] N-terminal sequencing of RIN was performed by Edman degradation analysis at the Hospital for Sick Children in Toronto, Canada. Detailed procedures for structure determination by X-ray Crystallography, NMR, and SAXS have been previously described [2] .
Bioinformatics and structural homology analyses
Illustrations of protein structure were generated by PyMOL [39] . Bioinformatics analyses were performed using on-line tools: amino-acid sequence alignments were generated using the PROMALS and the Weblogo servers [40] . Secondary structural prediction was performed using Psipred. Structural homology analyses were done using the Dali and Phyre2 servers [41, 42] .
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